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* Solves the strong CP problem
* Can be dark matter

* Mostly searched for via axion-photon coupling ( g,-~aE - B) and axion-nucleon coupling (g,n0,aN~*~7°N..)
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Can we both produce and detect axions with axion-nucleon coupling?

LD gaN(?Many“ffN
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In electrodynamics: p, = -V - P

NMR-induced Axion

1 : /
« Coherent spin-precessing source: = a(t,x) = gaN/dSZU, o] q etFolx=x7ll 5 (¢, x")
mlx — x

ps(t,x) = =2V - s(t, %)

A “spin charge” distribution
induced by spin polarization

w% —m32, (if wo > myg)

iko, Ko =/m2 —wi (if wog < myg)

ko

—iwot —’Wotps (X), a(t, x) = e_zwotaj(x) (Real part as the physical quantity)

s(t,x) =e¢ s(x), ps(t,x)=ce
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Axion Field Configuration

* Uniform Source Material with Spins in Alignment:

Z

Qiushi Weil, University of Florida

F 3

Later time

—

OF:

Negative surface
“spin charge”

Positive surface
“spin charge”

ps(t,x) = =2V - s(t,x)

Va(t,x) +— —E

Va(t,x
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Axion-induced NMR
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Axion-induced NMR

On resonance, axion turned on at t=0:

v M, (t,%x) = —gan MoTo| A(x)| (1 — e7/™2) sin (wot + (x))

Transverses relaxation time

z
Relaxation
R A(x) = £0,a(x) + i0ya(x) (4 for v > 0, — for v < 0)
A2 | g |-+ | e

157

- -

Lof

ost )]

soal
il

05T

~1.0F

_1.5- IIIIIIIIIIIIIII
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Dual NMR Setup

Positive surface
“spin charge”

B,
+
H
B, (t)
v
M tic shiel -
e | . SQUID magnetometer:
Spin source Spin sensor

Negative surface senses magnetic fluxes in
“spin charge” the pICkUp |00p

Qiushi Weil, University of Florida !



Noise Sources

B Thermal Noise

e (Cool down the apparatus 10714 ¢ :
: signal :
10718} goam s s T ]
. . . . E 1n projection noise 3
B Spin-projection Noise: (1|S,(t)S.(t")|T) #0 < _ pin pro)
> 10716}
E F
B SQUID Noise: Sensitivity limit of the magnetometer R 1077 SQUID noise
10'18;
B Contamination: B; that drives the NMR in the source 01
Wi [(;HZ]

* Magnetic shielding

Qiushi Wel, University of Florida 8



B R
woR ~ 0.25 (10_91“) (10cm) - By =f10T — wo = 0.74 GHz 129% e -

<

Near-field (almost)

Distance = R

<

n

<

.
[ Positive surface
“spin charge”
R=0.1,1,5 10 cm B,
fix H/R = 3 ~ 4
H
B, (t)

Magnetic shiel

/ Spin source

4

Maintain a 90° tilt

Qiushi Weil, University of Florida

Negative surface

“spin charge”

>

ny = 1.3x 102 cm™3

v =—7.40x 10" s~ T}
T, = 100s
hyperpolarized

Spin sensor

\
Placed at the near end




Benchmark Sensitivities

. T, =100s, H = 3R ' ;'
1077 = T =1lyear, R=1mm :" NS cooling
i SN 1987A
— -ozoczozz: T 15days, R = lemamanan., A e
i B T = lhour, R =10¢in==---- ‘
% 10_10 = T = lyear, R=1cm
= - _
3 -
S \_/
i T = lyear, R = 10cm
101
3 . i,
- o> &
0 Q@VQ/O@J \_Q
N 0‘?‘% Qs
10_12 1 1 IIIIIII 1 1 IIIIIII l 1 IIIIIII l 1 IIIIIJI 1 1 IlIIII| 1 IIIIIII| 1 1 1 1iill
107° 1078 1077 1076 107° 1071 1073

Qiushi Wel, University of Florida
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Benchmark Sensitivities

L T, =100s, H = 3R .
1079 E_ T = lyear, R = 1mm E NS COOliIlg
] SN 1987A
— ---zz-zz---d = 1odays, R=1lcmeaneean., A
i B T = 1lhour, R =10¢MN=~---- ‘
% 10_10 = T = lyear, R=1cm
= N }
= \/
i T = lyear, R = 10cm
10 "L
C @%36}@&} & 4
[ 5% o
- C)?\‘ p.
10_12 1 1 ||||||l 1 1 ||||||I l 1 ||||||| | ||||||\I 1 1 ||||||| 1 1 ||.||||| 1 1 1 1iill )
107° 1078 1077 1076 107° 1071 1073 1072
myg [eV] Volume of detection sample

® Scaling relation (for the plateau):

9 o 1011 ey - =3/4 o N\ /A i —1/4 v —1/4
Jan = 1.3 x 1022 cm—3 100s 1yr 0.01 m3

Qiushi Wel, University of Florida
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Highlights

Advantage #1:
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Relying only on the axion-nucleon coupling, no assumption of axion dark matter
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Highlights

Advantage #1:
Advantage #2:

Advantage #3:
Advantage #4:
Advantage #b:
Advantage #6:

Qiushi Wel, University of Florida

Relying only on the axion-nucleon coupling, no assumption of axion dark matter

Highly coherent axion field, oscillating at the spin precession frequency of the source

Q) search with a single frequency for
® between the axion field and the sensor
: C oy : Dza 1
Gradient enhanced by spatial inhomogeneity: ~ R
Capable of probing a larger mass range: Mo~ 5

Achievable with centimeter-scale devices [LSTWs: O(100)m]

Can be split into multiple experiments without loss of sensitivity

1) Regular power on/off and calibration
(@)  Multiple experiments at the same time

11



Conclusion

B Dual NMR: compelling sensitivity to axions through the axion-nucleon coupling

Design: QW
Production: ChatGPT

Qiushi Weil, University of Florida 12
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B1l. Axion-nucleon/nucleus Coupling

Operator gonI and  g4,S, + ganSyn should be the same in the Hilbert space of a non-relativistic nucleus.

N
I: nucleus spin S, = Z S,, : total proton spin S, = anl : total neutron spin

Define <> = <O‘a7;77;z| |aaiaiz> - <gaNI> — <gapsp> + <gansn>

z component:

S z Snz
JaN — gap<.¢> + gan!

z ZZ

1
For 1Xe : iz =5, (Sp:) 20023, () ~0300 = gan = 0.046 gap + 0.600 gan
[Stadnik, et al. — 2014]
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Single-particle approximation (Schimidt model):
[Krane — 1955, p.604]

For nuclear ground states, there are several rules for determining the spins:

1. All even-Z, even-N nuclei have I = 0. This results from the strong tendency
of nucleons to couple pairwise to zero spin.

2. In odd-A nuclei, the net spin is almost always determined by the j of the last
odd particle, with the remaining A — 1 nucleons (having even numbers of
protons and neutrons) pairing to zero spin as above.

3. In odd-Z, odd-N nuclei, the spin is determined by the vector coupling of the
J of the odd proton and neutron, I = j, + j,, and thus any of several values
are possible. To determine which of these possible couplings will be the
ground state, we use the empirical rule that the ground state is usually the
coupling with the neutron and proton intrinsic spins s, and s, parallel. As
an example, consider **Cl, which consists of a d,,, proton coupled to an f, ,
neutron. For the proton, £, =2 and thus s, is opposite to j,. For the
neutron, £, = 3 and s, is parallel to j,. Arranging the coupling so that s,
and s, are parallel, as in Figure 16.1, we get I = |j, — j,| or I = 2, which is
in fact the ground-state spin of *®Cl. (The first excited state is I =5,
corresponding to I = j, + j,.) On the other hand, consider MSc, resulting
from an f, , proton coupled to a p;,, neutron. Here making s, and s,



B2. Benchmark Field Magnitudes Axion dark matter:
PDM = O.3G€V/CII13, Vo ~~ 10_3

* Cylindrical, H/'R = 3 . My —1
« B, static, B; alternating a = \/2ppn/ma ~ 10°eV (1,ueV>
Positive surface o

wo = |vBo| (Larmor frequency)

Va| ~ mgvpag ~ 10 %eVv?

Va

a

“spin charge”

Hyperpolarized
90° tilt

~ mguvg ~ 107 %V ( Ma )

Near-zone field amplitude:  (origin at cylinder center)

] —1.6
) T gaN nN R
~ 24 pueV | =
Va(t,x) a(zx) pe (R) (10—10 Gev_l) (1.3 x 1022 cm—?’) (10 cm)’

—2.6
A 2f T YaN "N
OpalX) = —1.6 peV (R) (10—10Ge\/—1) (1.3 x 102 cm—S)‘

; 1 -

Negative surface

Lo . a 10 cm
spin charge
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B3. Power Spectrum Density (PSD)

Signal PSD:

wig =21k/T, Awr = wi — wy

por o CENMETEIAGOP
k(%) ~ Aw?T
k

1
sin? liAwkT

sin®(m(k — k) /(k — k.)*

10
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Noise PSD:

B Spin-projection Noise: (T|S5.(¢)S.(t")[1) #0

WQnNJ Ts

[Dror, et al. — 2022]
2V 1+ AwiTy

SP _
Pt =

B SQUID Noise:

[CASPEr — 2013, Dror, et al. — 2022]

A

80 cm?

1
P = A_Zﬁpgg, Pod ~ (1077®)%/Hz, Aeg ~ 0.3 cm? (

)
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B4. Scaling Relation

a

P
The signal lies predominantly in a single bin k, = woT/2r T——> SNR = Bk* , DB, = PkSQ + PkSP ~ kSP
k * * *

*

Setting SNR to a constant threshold: A(x)
G(x) =

Volume of detection sample JaNTUIN

A dimensionless driving force
that encapsulates factors from
—3/4,4—1/4 —1/4v,—1/4 ~1/2 the production side, only
JaN X Ny T2 T |4 ‘g(XO)‘ depending on wg, m, and the

\ geometry of the source sample

At the pick-up loop
Plateau region: near-field value |G(xg)| ~ 0.05, x9= (2R,0,0)

—3/4 —1/4 —1/4 —1/4
T T
g([]{,L) ~2x 1071 Gev ! nN 2 i V
a 1.3 x 1022 cm—3 100 s 1yr 0.01 m?3

19



B5. Driving Force Function §(x)

G(x) = Alx) : A(x) = £0,a(x) + i0ya(x)  (+ for v > 0, — for v < 0)
GaNTIN
. 3./ 1 iko|x—x'| / L -
= Plug in a(t)x) = gun | d°x e'lo Ps(t7X ) (origin fixed at source cylinder center)
Am|x — x/|

= Take o(t) = e ™Y (xFiy), (- fory >0, + for v < 0)
Cw CCwW (viewed from above, with By in +2z direction)

>/

= Define dimensionless quantities: X =x/R, X =x'/R

~ 1 o
G(x) = ;E/S d> 7’ (8% + (9,5) <47T’5( — i/‘e”‘:omx X ) , (= for~v>0, 4+ for v < 0)

—— >  Only depends on kR, H/R, and x/R

20



Source-Geometrical Dependence:

Near-field limit (plateau region): kyR < 1or kgR < 1

/H/RZB

0.05F ]

0.04 -

at the pickup )] 0 02:_ _
loop (near end) T ]
0.01F ]

| :

0.00F . . .

H/R



Frequency and Mass Dependence:

X0 = (2R,0,0) at the pickup loop (near end) Maximal detectable mass koR ~ 0.7

Height-to-radius ratio H/R ~ 3

mg = Wo
mae < Wo

T T T T T

N 0.07T
0.06
0.05F

0.04F

|G (x0)]

|G (x0)|

0.03F
0.02f

0.01F

0.005
0 2 4 6 8 10

The plateau region in our projections kgR ~ woR < 1

22



B6. Magnetization-induced Magnetic field

M,, = B, = sensed by the SQUID pick-up coil

Near-Field Limit o T > Iw(l,‘ ﬁ?nIR = 1|
L0 _ B, (x1) LOT B, (z%)
M, (2R?) _ M,(2R%)
L 0.81 ) N
081 M, (x3) g M, (z%)
M,(2R%) I M, (2RZ)
0.61

I
I
|
I
I
I
I
I
I

. |
0.6 }
i I
I

I

I

I

I

I

I

I

I

I

I

I

B, maximized at the near end x¢ = (2R, 0,0), with B, (x0) = O(1) M, (x0)

23
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